Abstract Thermopile thermo-sensitive element for infrared (IR) sensor array and its optimization is considered. A concept of thermal infrared sensor array based on the micro (nano)-electromechanical system (MNEMS) with nonstationary Seebeck effect is discussed. Infrared absorption of non-stoichiometric silicon nitride thin films has been studied in the region of wavenumbers 500-7500 cm −1 . The estimated absorption about 64% is found for 1300 nm layer thickness, which is good enough for thermal sensor.
Introduction
Uncooled infrared (IR) imagers [1, P.203; 2, P.66; 3, P.99] have attracted a great deal of interest due to their wide range of practical applications. Their greatest advantage is that they do not need expensive deep cooling systems in contrast to semiconductor quantum infrared photodetectors. In recent years, thermopile IR imager arrays have been actively developed on the base of MEMS technology, which is compatible with the silicon CMOS batch technology [4, P.200; 5, P.239; 6, P.42; 7, P.49]. A sensitive MEMS element comprises an IR high-absorbance dielectric membrane and micro-thermopiles, with the hot contact laying on the membrane and the cold one being in a good heat contact with the substrate. The output voltage of the thermopile, which is generated during the membrane heating (Seebeck effect) is read out by CMOS circuit, which is formed directly on the same chip. Good thermal isolation and low thermal capacity of thermopile-based MEMS elements are the good foundations for the development of uncooled thermal IR-image sensors with high sensitivity, linearity, low power consumption, and high responsivity. Micro-thermocouples are fabricated from polysilicon that ensures sufficiently high thermo-power while their conductivity and thermo-power can be adjusted by the proper doping. Besides, polysilicon is technologically well-proven and widely used material in CMOS technology, which makes it possible to form the sensitive elements and the electronic readout circuit in one chip, to produce efficient imagers and to reduce the production cost.
In this paper, we discuss some aspects of the optimal design and study of MEMS thermopile IR-sensors.
Optimal Design of MEMS Thermopile Element for IR Imager Array Figure 1 shows schematically a MEMS thermopile element for IR imager array.
The membrane with IR-absorbing layer is suspended on the microcantilevers made of an electro-isolating material with low thermal conductivity. The thermopile is built on the cantilever surface, one contact of the thermopile is heated by the membrane, and the other contact is placed on the silicon substrate with a stable temperature. The output voltage of thermopile is read out by the CMOS integrated Fig. 1 Principal scheme of the MEMS thermopile element. 1 membrane; 2 absorbing layer; 3 cantilevers with thermopile; 4 hot contact; 5 cold contacts; 6 substrate circuit, which is formed directly on the chip. The actual structural design can be easily reduced to that arrangement. The membrane and the cantilever beams are formed on a silicon wafer and made, for example, of thermal silica dioxide. SiN x layer may serve as an IR-absorbing material which provides quite effective IR absorption in the specified wavelength region of 8-14 lm. The thermopile is made of anisotype (p and n-doped) polysilicon buses which are characterized by sufficiently high Seebeck coefficient. The process technology of this MEMS sensor is well compatible with standard CMOS batch technology. Vacuum-sealed package design is supposed to prevent from heat sink through the gas atmosphere.
When designing the IR sensor array, the following key parameters should be taken into account: the number N of sensor elements in the array for the required spatial resolution, frame time s f defining the time resolution, and preassigned minimal resolved temperature difference at the object dT m .
The output characteristic of the thermopile is the open-circuit voltage (output voltage) which for the variable signal on the frequency f is defined by the well-known expression:
where a is the Seebeck coefficient of the thermopile, DP f is the corresponding frequency component of the IR emission from the object absorbed by the sensor, C -it's heat capacitance. According to Kotelnikov theorem [8, P.736] , the width of the reconstructed spectrum of the variable signal by discrete processing equals a half of the sampling frequency. That restricts the thermal relaxation time s of the sensitive element by:
Thermal relaxation time of the element is defined by the membrane thermal capacitance and the thermal conductivity of thermopile G t :
The intrinsic noise of a thermopile is defined by Johnson noise of its resistance R that provides the following value of the noise-equivalent temperature difference (NETD) of the object:
where k B is the Boltzmann's constant, T is the ambient temperature, B is the bandwidth of the readout circuit, A is the area of the absorber, Dp is the excess IR radiation power of black body heated to temperature T + DT, absorbed by sensor located in the focal plane of the optical system of the imager. Equations (3) and (4) demonstrate that the lowest NETD of such sensitive MEMS thermopile element is achieved in the structure with single thermopile: serial connection of thermopiles does not result in the increase of the open-circuit voltage of the element because the membrane heating is reduced proportionally due to the increase of total thermal conductivity. At the same time, the total electrical resistance is increasing according to (3) , resulting in the increase of NETD. The number of array elements at a certain size of the chip limits the maximal area of the cell and, respectively, the area S of the thermal sensor itself. The area of the sensor as seen from Fig. 1 is shared between the area of the membrane A and the cantilever area A c :
where w t is the length of one shoulder of the thermopile, l is the length of the cantilever, l is the "adjacent" coefficient to take the space distances into account. Thermopile conductivity and its electrical resistance are defined by the formulae, respectively:
where h t is the thickness of thermopile material (polysilicon), k t is the thermal conductivity coefficient of the thermopile material, q t is its resistivity (assuming that both shoulders of the thermopile have similar resistance values). Optimization of the structure geometry is then achieved by minimizing the NETD over the variables A and l when:
where c is the thermal capacitance of membrane unit area. That gives [9, P.59; 10, P.125029]:
For a specified s it can be implemented providing:
that determines the minimal possible area of the sensor for a given s with all other parameters of the structure being fixed. Vice versa, the maximal thermal relaxation time s which can be implemented at the specified sensor area S can be expressed as follows:
The lowest NETD and the highest open-circuit voltage are reached according to (1) and (3) at the maximal value of thermal relaxation time of the sensor permitted by (2): s ¼ s f =p. However, it can be realized according to (9) providing that:
with optimal ratio of the membrane and cantilever areas (8) . The corresponding optimized NETD value is as follows:
Here we take into account that (Dp/DT) = ηqj, where η is the part of incident IR emission absorbed by the membrane in the covered spectral range, q is the optical factor: q = Ht o /4, where H is the lens aperture and t o is the transmission factor of the lens, j % 2.62 W/m 2 К for the 8 Ä 14 lm wavelength region; also we assume, in accordance with the above mentioned, that r h ¼ q t =h t B = 1/2s f , and we introduce the thermopile sheet resistance .
NETD (12) should satisfy inequality (4), and the optimized area of sensor should not exceed S p, determined by the specified structural design of the IR imager and the chip size S c : S % S p S c /N. Hence, to achieve the preassigned resolving temperature difference at the object dT m for the specified structural design and for the frame time s f , the parameters of the element should meet the following requirement:
Until the size of the array is not very large so that S p > S opt , the ratio v = A/S is restricted by (2): s ¼ s f =p, that results in the expression:
thus, the optimized ratio v, evidently, cannot be achieved. Here, as S becomes lower, NETD increases as *S −1/2
. For large-size arrays with S p S opt , the maximal relaxation time according to (10) is s s f =p and s * S 2 . The lowest NETD is achieved according to (8) when v = 1/3, but now the NETD increases much rapidly with the reduction of the element area: NETD * S −3/2 . As a result, the element operational parameters significantly worsen at S < S opt and that should be taken into account when designing large format imagers arrays with S p S opt .
One can see from (13) that the element technology is faced with higher demands when enlarging the array size, the frame frequency, and the temperature difference resolution. The necessary characteristics can be achieved following Eq. (14) by reducing the width and the thickness of the thermopile, by increasing the absorption capacity of the IR imager and by optimizing the ratio ffiffiffiffi q t p =a. When h t = 0.1 l, w t = 1 l, c = 2 J/m 2 K, l = 2.5, with a = 300 lV/K, r h = 20 O, η = 0.8, H = 1, we find for s f = 0.05 s:
That makes it possible to develop, for example, a 128 Â 128 array with 50-60 lm pitch and high-temperature resolution. Note, however, that to register such a signal its pre-amplification directly in the cell should be performed followed by the signal processing in the integrated circuit formed directly on the chip [11, P.1701].
Switchable Thermopile Sensor
A chance to increase the efficiency of thermal imagers with slower response time can be provided by a sensor with switchable thermopile [12, P.596]. In a photosensitive MEMS element of that type, the cold thermojunction is not in a permanent contact with the substrate while the membrane is suspended on additional supporting SiO 2 consoles (are not shown in Fig. 1 ). The thermopile has cold contacts capable of closing and opening under the effect of elastic and electrostatic forces, the equilibrium contact gap in the open state is supposed to be *100 Ä 500 nm. The switching process in such a system under the applied voltage is described, e.g., in [2, P.66]. As the thermal conductivity of SiO 2 , G c , is about 30 times lower than that of the polysilicon thermopile, the heat sink from the membrane through the supporting SiO 2 consoles is very small when the thermopile is disconnected from the measurement circuit, while for measuring the output thermo-power the contacts close for a short measuring time s r only. The membrane heating temperature (and hence the temperature of hot thermojunctions) in the open cold contact state is then limited by the thermal relaxation time s 0 % C/G c which is substantially higher than the relaxation time s t when the cold thermojunction is in permanent thermal contact with the substrate. That's why the heating of the membrane may markedly exceed its heating in an ordinary element discussed above. Yet the response time of such an element decreases to the same extent. Nevertheless, providing the same characteristics, the length of the supporting SiO 2 console is much shorter. That allows increasing of the filling factor of an element area S p with the photosensitive membrane and thus reduces S p which gives a possibility to increase, in principle, the format of the imager. This is also the way to reduce the time of s m of the mechanical switching to s m ( s f . At the same time that makes it possible to shorten the length of the thermopile and thus reduce its intrinsic noise due to the reduction of its resistance providing, of course, that the length of the thermopile in the closed cold contact state ensures the cooling time of the membrane s t ) s r .
Obviously, a nonstationary Seebeck effect is, generally speaking, observed in such an element. The required dynamic of thermal and electrical processes in the sensor array with a switchable thermocouple and SiO 2 consoles is determined by the following hierarchy of characteristic times:
Here s 1 % ðqcl 2 =p 2 k t Þ is the intrinsic thermal relaxation time of the thermopile, and s p,n * l 2 /D, q being the density, c is the thermal capacitance and k t is the thermal conductivity of the thermocouple material (polysilicon), l is the length of the thermopile and D is the diffusion coefficient of charge carriers in it. If (16) is realized, the quasi-stationary state of the thermopile is established in the short time s 1 when the cold contact of the thermopile comes into the contact with the substrate, and the temperature difference DT % DPs 0 =C at the thermo-junctions is registered by measuring circuit before it diminishes to DT % DPs t =C:
For an element with the SiO 2 the console length of 100 l, the width of 2 l and the thickness of 0.5 l, with the membrane area of 5000 mm 2 and the thermopile length of l = 100 l, we find: s 0 % 1 s, s t % 0.03 s, s 1 % 5 Â 10 −7 s, s p,n % 10 −7 s that satisfy the conditions (17). The measured output voltage of the thermopile is then:
The open-circuit voltage of such an element, as one can see, may significantly exceed the output voltage of an ordinary sensor. However, it is achieved through the corresponding enlarging of the response time of the element which is s 0 here, so the frame time s f can be no less than 3 s. Therefore, the vacuum IR sensor array with "switchable" thermopiles can be quite effective for the "slow" thermal imaging systems. It may also serve as an alternative to a conventional sensor and quick-response large format systems when a small area of an element limits the length of the thermopile and does not ensure the optimal thermal relaxation time but the technology cannot provide it by reducing its thickness and width. It should be mentioned, however, that the implementation of the proposed elements may face some design, technological and circuit problems.
Study of Non-stoichiometric SiN x Layers
Silicon nitride is considered to be the possible material for producing of thermo-sensitive elements. With an intensive IR absorption band related to the Si-N stretching vibrations in the 700-1100 cm −1 wavenumbers region with the peak at 820-900 cm −1 corresponding to the atmospheric 8-14 lm transparency window, SiN x provides a chance to combine, in principle, the function of supporting membrane of the sensing element and the heat absorber in one material. The PECVD non-stoichiometric SiN x films possess lower and well-controllable internal stress with good mechanical properties as compared to the stoichiometric Si 3 N 4 films. That enables to use SiN x films in fabrication of membrane elements and consoles for the IR thermo-sensitive micro-detectors [13, P.58] .
We have studied the SiN x layers with thicknesses from 200 to 1300 nm produced by plasma enhanced chemical vapor deposition (PECVD) on monocrystalline silicon wafers.
The measurements of IR transmittance T and reflectance R spectra in the region of wavenumbers m = 500-7500 cm −1 were taken on Fourier transform spectrometer "Perkin-Elmer Spectrum 100." The reflectance spectra were measured at the incidence probing IR radiation both on the front surface of the wafer with SiN x and on the back surface of the wafer without SiN x . Figure 2 shows the spectral functions:
estimated by the ratio of the transmittance spectra of the spectrometer channel with the sample T(m) and without the sample (an empty spectrometer channel) T 0 (m) for the analyzed samples.
To estimate the absorption of SiN x films in the above IR band region, the reflectance spectra of the samples were analyzed. For this purpose, thick Al layer was deposited on the backside of the wafer. The reflectance spectra observed in the 700-1150 cm −1 region (9-14 lm) were about R * 35% for the thick SiN x film (1336 nm) and about R * 55% for thin film (270 nm). The part of absorbed radiation can be estimated as A % 1 − R, that is equal to *65% for thick SiN x film (1336 nm) and to *45% for the thin SiN x film (270 nm). Taking into account the double way of IR radiation through the SiN x film, the one-way absorption A 1 is approximately estimated by the equation A % A 1 þ A 1 ð1 À A 1 Þ, from that one finds A 1 % 1 À ffiffiffiffiffiffiffiffiffiffiffi ffi 1 À A p which gives A 1 % 40% for a thick layer sample and A 1 % 26% for a thin layer sample.
The results allow concluding that the optimal thickness of SiN x film for effective thermal detection is 1.0 Ä 1.5 l.
Conclusion
Optimal engineering of a thermopile thermal MEMS element for IR sensor array is considered. Theoretical relations are obtained which optimize the sensor structure to achieve the preassigned characteristics of an imager array such as image format, frame time and temperature difference resolution. Thermal sensor with nonstationary Seebeck effect using "switchable" thermocouple is analyzed. Non-stoichiometric silicon nitride thin films have been studied as an IR absorption layer and are shown to be good enough for use for thermopile thermal MEMS thermosensors.
